The paper analyzes and determines the optimal parameters of tuned mass damper to reduce torsional vibration for the machine shaft. The research steps are as follows. First, the optimal parameters of tuned mass damper for the shafts are given by using the maximization of equivalent viscous resistance method. Second, a numerical simulation is performed for configuration of machine shaft to validate the effectiveness of the obtained analytical results. The simulation results indicate that the proposed method significantly increases the effectiveness of torsional vibration reduction. Optimal parameters include the ratio between natural frequency of tuned mass damper and the machine shaft, the ratio of the viscous coefficient of tuned mass damper. The optimal parameters found by numerical method only apply to a machine shaft with specific data. However, the optimal parameters in this paper are found as analytic and explicit to help scientists easily apply to every machine shafts when the input parameters of the machine shaft change.
Introduction
Under the influence of external forces, the technical constructions, the mechanical devices will generate vibrations. Vibrations can cause damage to the structure. Therefore, research harmful vibration is a matter of great concern to many scientists [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The shaft is used to transmit torque and rotation from a part to another part of the machine. During operation, the shaft will appear torsional vibration. This vibration is particularly harmful, undesirable. Reduction of the shaft vibration is an important and timely task [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
A passive vibration control device attached to the shaft to reduce harmful vibration is called a tuned mass damper (TMD) [10] . Optimal parameters of the TMD to reduce the torsional vibration of the shaft by using the principle of minimum kinetic energy has been investigated in [10] , the results were given by
In order to develop and extend the research results in [10] . In this paper, the maximization of equivalent viscous resistance method in [12] is used for determining the optimal parameters of the TMD. Fig. 1 shows a shaft attached with a pendulum type TMD. The symbols are summarized in Table 1 .
Shaft modelling and vibration equations
2 the torsional vibration of the shaft by using the principle of minimum kinetic energy has been investigated in [10] , the results were given by ;
(
In order to develop and extend the research results in [10] . In this paper, the maximization of equivalent viscous resistance method in [12] is used for determining the optimal parameters of the TMD. Relative torsional angle between TMD and rotor θ Torsional vibration of primary system θ 0
Initial condition of the torsional vibration angle From [10] , we have
where
After short modification the Eqs. (2) we obtained
Hence the torque equivalent effect on the primary structure was obtained as
Eq. (5) can be used in the design of TMD.
Determining optimal parameters of TMD
We introduce
The symbols are summarized in Table 2 . Natural frequency of vibration of TMD ξ MEVR Damping ratio of TMD by using the maximization of equivalent viscous resistance method ξ MKE opt Optimal damping ratio of TMD by using the minimum kinetic energy method ξ MEVR opt Optimal damping ratio of TMD by using the maximization of equivalent viscous resistance method µ Ratio between mass of TMD and mass of rotor ξ MEVR Tuning ratio of TMD by using the maximization of equivalent viscous resistance method α MEVR opt Optimal tuning ratio of TMD by using the maximization of equivalent viscous resistance method α MKE opt Optimal tuning ratio of TMD by using the minimum kinetic energy method γ Ratio between length of pendulum and radius of gyration of rotor M eqv Torque equivalent effect on the primary structure Substituting Eqs. (6)- (7) into Eqs. (2) . The matrix form of Eqs. (2) are expressed as
The mass matrix, viscous matrix, stiffness matrix and excitation force vector can be derived as
The state equations of Eq. (8) are expressed aṡ
From Eqs. (8)-(12), the matrices B and H f can be defined as
The quadratic torque matrix P is solution of the Lyapunov equation [14] BP
where S f is the white noise spectrum of the excitation torque. The first step of this method is to specify these quadratic torques. Substituting Eqs. (13)-(14) into Eq. (15) and solving this equation, these quadratic torques for vibration response of shaft were obtained as
Substituting Eqs. (6)- (7) into Eq. (5), this becomes
Thus the equivalent resistance coefficient of the TMD on the primary structure was obtained as
(20) If the primary system is excited by random moment with a white noise spectrum S f , then the average value of Eq. (20) are the components of the matrix P in Eq. (15), Lyapunov equation, this means
Substituting Eqs. (16)-(18) into Eq. (21), The c td can be determined as
Maximum conditions are expressed as 
From Eqs. (25-26), we obtain the optimal parameters of the TMD to reduce the torsional vibration of the shaft by using the maximization of equivalent viscous resistance method, which is different from the optimal parameters of the TMD by using the principle of minimum kinetic energy in [10] . This asserts with a shaft model with installed TMD, but applying different methods to find optimal parameters gives different analytical results. Table 3 presents the optimal parameters obtained by the two methods according to the various mass ratios and ratio between the length of pendulum and radius of gyration of the rotor. We see that the tuning ratio of TMD is approximately 1, indicating that the optimized TMD has the natural frequency is approximately the natural frequency of the shaft. With the design of this TMD will reduce the vibration of the shaft in the best way. From Table 3 , we again assert that the same shaft model with installed TMD is the same with the values of the various mass ratios and ratio between the length of pendulum and radius of gyration of the rotor, the optimal parameter is obtained by two methods of the principle of minimum kinetic energy and the maximization of equivalent viscous resistance method is different. However, the difference in number between the two methods of the optimal parameter found is not large.
Simulate vibration of the system
Numerical simulation is employed for the system by using the achieved optimal parameters of the TMD, as shown in Eq. (25) and Eq. (26). To demonstrate the above analysis, computations will be performed for a system with parameters given in Table 4 . , we see that with the same shaft model with installed TMD with two methods are the minimum kinetic energy method (MKE) and the maximization of equivalent viscous resistance method (MEVR) finding optimal parameters for different analytical results, but the effect of reducing the vibration on the graph of the two methods are equivalent when the system is subjected to random excitation. It can be seen that the mass-spring-shaft torsional type TMD has good effect in all cases. It realized that the vibration of the shaft torsional installed the TMD has the good efficiency for damping the vibration of the system. Figure 7 . The vibration of the shart with initial deflection θ 0 = 1.5 × 10 −9 (rad) and initial angular velocityθ 0 = 3 × 10 −8 (rad/s)
Conclusions
In this paper, maximization of equivalent viscous resistance method has been developed and examined for shaft model. The same procedure as in the conventional MEVR has been used to derive the optimum tuning and damping ratios of the device. The optimal parameters were determined in analytical form and furthermore leads to the simple explicit formulas (25), (26). The analytical results are verified by numerical simulations with a given configuration of machine shaft in some different operating conditions.
